For numerically predicting the combustion processes in homogeneous charge compression ignition (HCCI) engines, practical chemical kinetic models have been explored. A genetic algorithm (GA) has been applied to the optimization of the rate constants in detailed chemical kinetic models, and a detailed kinetic model (592 reactions) for gasoline reference fuels with arbitrary octane number between 60 and 100 has been obtained from the detailed reaction schemes for iso-octane and n-heptane proposed by Golovitchev. The ignition timing in a gasoline HCCI engine has been predicted reasonably well by zero-dimensional simulation using the CHEMKIN code with this detailed kinetic model. An original reduced reaction scheme (45 reactions) for dimethyl ether (DME) has been derived from Curran's detailed scheme, and the combustion process in a DME HCCI engine has been predicted reasonably well in a practical computation time by three-dimensional simulation using the authors' GTT code, which has been linked to the CHEMKIN subroutines with the proposed reaction scheme and also has adopted a modified eddy dissipation combustion model.
Introduction
For predicting the combustion processes in compression ignition engines accurately by means of numerical analysis, appropriate chemical reaction models for ignition and combustion phenomena are necessary. As to such models, there exists a difficulty in determining suitable model constants under various conditions.
The main purpose of this study is to explore chemical kinetic models appropriate to the reaction models for practical use. As an optimization method for the rate constants of elementary reactions in detailed chemical kinetic models, the authors try to apply a genetic algorithm (GA) (1) . By using the CHEMKIN code (2) and the authors' engine CFD code (GTT code (3) ) with these optimized constants, the combustion processes of a gasoline homoge-neous charge compression ignition (HCCI) engine and a dimethyl ether (DME) HCCI engine are numerically analyzed. The validity of the chemical kinetic models is examined by comparing the calculated results with the experimental ones under various conditions.
Genetic Algorithm
Genetic algorithm (GA) (1) is an optimization method which imitates the evolution and natural selection of organisms. In the genetic algorithm, a quasi-optimal solution is sought by repeating the hereditary operation in the evolution process of an organism, i.e., selection, crossover, and mutation of its chromosomes.
The procedure in the genetic algorithm is as follows: 1.
[Start] Generate a population of n pieces (e.g., 10 to 100) of chromosomes each of which has a bit pattern (0 or 1) corresponding to a randomly-chosen binary number, whose decimal number is X i . In this study, 24-bit chromosomes are used. 2. [Number conversion] The decimal number X i of each chromosome is converted to a quantity x i to be optimized (e.g., pre-exponential factor in a rate constant) according to the following equation:
[Evaluation of fitness] Evaluate the arbitrarilydefined fitness f (x i ) (e.g., reciprocal of the absolute value of the difference between the predicted ignition delay and the measured one) for each chromosome (quantity x i ) in the population. 4. [New population] Create a new population through the following steps:
Select n pieces of surviving chromosomes from the population according to their fitness values based on the roulette rule (the better fitness, the bigger chance to be selected).
• [Crossover] Select some pairs of parent chromosomes from the population with a given crossover probability (e.g., 0.25), and cross them at a locus with each other to produce new pairs of child chromosomes as successors to their parents.
• [Mutation] Mutate some genes (i.e., reverse some bits) in every chromosome with a given mutation probability (e.g., 0.05).
• [Generation alternation] Use the above-mentioned n pieces of chromosomes to form a new generation population. 5.
[Loop] Go to step 2 (e.g., repeat 500 times).
3. Zero-Dimensional Numerical Analysis of the Combustion in a Gasoline HCCI Engine 3. 1 Composition of elementary reaction schemes for gasoline using genetic algorithm The detailed chemical kinetic model for iso-octane (84 species, 412 reactions) and that for n-heptane (57 species, 290 reactions), both of which were proposed by Golovitchev (4) , are combined to give a kinetic model (101 species, 592 reactions) for gasoline reference fuels with arbitrary octane number. The fuel octane number ON is determined by the volume ratio of iso-octane in the mixed liquid fuel of iso-octane and n-heptane. Concerning the 110 overlapped elementary reactions, the pre-exponential factors A i in the rate constants k i = A i T bi exp (−E i /RT ) for them are optimized under the condition of constantvolume combustion by means of the aforementioned GA and CHEMKIN code (2) in order to fit the calculated values of ignition delay to the experimental data as close as possible for each reference fuel of ON = 60 and 100. As an ignition criterion, the time of auto-ignition is defined as an instant when the rate of gas temperature rise dT/dt exceeds 10 7 K/s. Figure 1 (a) and (b) show the calculated and experimental results (5) - (7) of ignition delay for the reference fuels. In these figures, the ignition delay results calculated with the pre-exponential factors A i for iso-octane reaction scheme concerning the overlapped elementary reactions are also shown (designated as priority iso-octane). In Fig. 1 (b) (ON = 100), furthermore, the ignition delay results calculated with the original Golovitchev's iso-octane reaction scheme are shown. For gasoline reference fuels with arbitrary octane number between 60 and 100, it follows that the pre-exponential factors A i for the overlapped elementary reactions are determined by linear interpolation according to octane number. Figure 2 shows the comparison of the predicted and experimental (7) results of ignition delay for the stoichiometric mixture of air and fuel with octane number 90. It is found from Figs. 1 and 2 that the ignition delay results calculated with the proposed kinetic scheme (designated as GA) agree best with the experimental results for each octane number case, and therefore the proposed chemical kinetic model is applicable to the prediction of ignition delay for gasoline reference fuels with arbitrary octane number between 60 and 100.
2 Numerical analysis of the combustion in a
gasoline HCCI engine By using the proposed chemical kinetic model for gasoline, zero-dimensional numerical analysis of the combustion process in a gasoline HCCI engine is carried out by means of the CHEMKIN code under the experimental conditions of Furutani et al. (8) Engine specifications and simulation conditions are shown in Table 1 . The effects of heat loss and residual gas in the engine are taken into consideration. In this study, the engine crank angle is expressed as the rotation angle from the TDC of intake stroke. Figure 3 (a) -(c) show the comparison of calculated gas pressure histories with the experimental ones (8) for three cases of φ = 0.5, 1.1 and 1.9. Figure 4 shows the relationship between the equivalence ratio and the ignition timing in the calculated and experimental results. It is found from these figures that the auto-ignition timing 
Fig. 3 Calculated and experimental (8) results of the pressure histories in the gasoline HCCI engine is predicted better in the case of the pre-exponential factors optimized by means of GA than in the case of the pre-exponential factors for iso-octane (priority iso-octan) although the calculated gas pressure histories after ignition for both cases do not agree with the measured ones since this simulation is in zero-dimensional. Table 1 Engine specifications and simulation conditions Fig. 4 Comparison of the ignition timing results (Expt. (8)) Fig. 5 Low-temperature reaction mechanism (10) in the DME reduced reation scheme Fig. 6 High temperature reaction mechanism in the DME reduced reaction scheme (a) Before tuning (b) After tuning Fig. 7 Calculated results of the rate of heat release with the reduced and detailed (9) reaction schemes for the zero-dimensional simulation of the combustion in the DME HCCI engine (φ = 0.18)
Numerical Analysis of the Combustion in a DME
HCCI Engine 4. 1 Reduced reaction scheme for DME Chemical reactions in an engine may be simulated accurately by using a three-dimensional CFD code with detailed chemical kinetics, but such simulation is not practicable at present since it takes a lot of computation time. Therefore, it is useful to simplify the detailed reaction schemes without sacrificing prediction accuracy. In this study, a reduced reaction scheme (28 species, 45 reactions) for DME is derived from Curran's DME detailed reaction scheme (78 species, 336 reactions) (9) on the basis of sensitivity analysis. The elementary reactions employed in the scheme are shown in Table 3 , where the same A i , b i , and E i values for each rate constant as those in Curran's DME detailed reaction scheme are used. In this reduced scheme, the high-temperature reaction mechanism is modeled by the authors as shown in Fig. 6 , and is combined with the low-temperature reaction mechanism (10 reactions from 36th to 45th in Table 3 ) proposed by Tezaki et al. (10) (Fig. 5 ). This DME reduced reaction scheme is tested by means of zero-dimensional simulation of the HCCI combustion in an engine. Engine specifications and simulation conditions are shown in Table 2 .
The rate of heat release calculated using the reduced reaction scheme for a mixture with equivalence ratio φ of 0.18 is compared in Fig. 7 (a) with that calculated using the detailed reaction scheme. It is found that the period of high-temperature oxidation becomes later when the reduced scheme is used. Therefore, the pre-exponential fac- Table 2 Engine specifications and simulation conditions Fig. 8 Calculated results of the concentration of typical chemical species with the reduced (after tuning) and detailed (9) reaction schemes for the zero-dimensional simulation of the combustion in the DME HCCI engine (φ = 0.18) (thick lines: detailed scheme, thin lines: reduced scheme) tors A i of the 3rd, 15th and 28th reactions in the reduced scheme are tuned up so that the rate of heat release becomes close to that calculated using the detailed reaction scheme.
As a result, as shown in Figs. 7 (b) and 8, the rate of heat release and the concentration of typical chemical species calculated using the proposed reduced reaction scheme agree well with those calculated using the detailed reaction scheme.
4. 2 Three-dimensional numerical analysis of the combustion in a DME HCCI engine In order to perform three-dimensional numerical analysis of the combustion in a DME HCCI engine, the authors' GTT code (3) which is based on the finite volume method is adapted to call the CHEMKIN subroutines directly for calculating the thermodynamic properties and elementary reactions in each computational cell.
3 Modeling of turbulent mixing combustion
In the combustion chamber of an actual HCCI engine, combustion phenomenon is thought to be controlled not only by chemical reaction but also by turbulent mixing of fuel, oxygen and burned gas, since the inhomogeneity of gas temperature and species concentrations exists. Therefore, it is necessary to incorporate an appropriate turbulent combustion model into the CFD code in consideration of turbulent mixing. Table 3 Reduced reaction scheme for DME In this study, the following modified eddy dissipation combustion (EDC) model is used as a turbulent combustion model for HCCI engines. Reitz's characteristic time of combustion τ c (11) , which is composed of the laminar and turbulent characteristic time scales, τ l and τ t respectively, is introduced into the Magnussen's EDC model (12) as follows: It is assumed that the rate of fuel consumption R f [kg/m 3 s] in each computational cell is determined by
where Y j is the mass fraction of component j, ρ g is the gas density [kg/m 3 ], and s is the stoichiometric mass ratio of oxygen to fuel. A and B are model constants.
τ c , τ l and τ t are given by the equations
where Y f uel is the fuel mass fraction before calculating the chemical reaction, and Y f uel is the tentative fuel mass fraction after calculating the chemical reaction with the CHEMIKIN subroutines during time increment δ t in the GTT code. C t is a model constant. The definition of τ l (Eq. (3)) is different from that of Reitz et al. (11) The turbulence kinetic energy k and its dissipation rate ε are calculated with the k-ε turbulence model in the GTT code. The variations of all chemical species involved in the elementary reaction scheme are calculated with the CHEMIKIN subroutines so that the amount of fuel consumption during δ t becomes R f δ t (the upper limit is ρ g (Y f uel − Y f uel )).
The progress variable (weighting factor) f defined by Reitz et al. (11) is expressed as
where r denotes the product fraction (CO 2 , H 2 O, CO and H 2 are combustion products). In this study, the authors propose to use the modified product fraction r * shown below instead of r in order to adapt the present model to a wide composition range:
When combustion products do not exist in a computational cell, combustion does not occur since the rate of fuel consumption is zero according to Eq. (1). Therefore, it is assumed that the combustion process is controlled only by chemical reaction, i.e., R f = ρ g (Y f uel − Y f uel )/δ t until the chemical reaction progresses to some extent, namely until the progress variable f becomes a certain threshold value f 0 .
4. 4 Results of three-dimensional numerical analysis Using the proposed DME reduced reaction scheme and the turbulent combustion model, three-dimensional numerical analysis of the combustion process in a DME HCCI engine is performed under the experimental conditions of Igarashi et al. (13) The engine specifications and simulation conditions are the same as those shown in Ta- Calculated and experimental (13) results of the rate of heat release and the cylinder gas pressure in the DME HCCI engine ble 2. The swirl ratio is 2.1, and the equivalence ratios of DME and air mixtures are 0.07, 0.18 and 0.26. The computational grid of the test engine is shown in Fig. 9 . The initial gas composition and temperature in the cylinder for each case are estimated using the composition and temperature of residual gas given by the zero-dimensional numerical simulation. Concerning the computational time on a personal computer with a Xeon CPU (3.06 GHz), it took about 24 hours for performing calculation from 180 deg.ATDC to 400 deg.ATDC using the present reduced reaction scheme and an efficient calculation algorithm, while it took about 19.4 days using Curran's detailed reaction scheme for all computational cells. Figure 10 shows the rate of heat release and the cylinder gas pressure calculated with the turbulent combustion model and without it in the case of φ = 0.26 along with their experimental results (13) . It is obvious that calculation without the turbulent combustion model gives too large rate of heat release in the high-temperature oxidation period. On the contrary, calculation using the turbulent combustion model with the aforementioned model constants gives reasonably good predictions of the rate of heat release and the cylinder gas pressure.
Secondly, numerical analysis is performed in the other cases of φ = 0.07 and 0.18 using the turbulent combustion model with the same model constants as the above.
The calculated results are compared with the experimental results (13) in Fig. 11 (a) -(c). It is found that the present numerical method with the proposed models can reproduce the temporal variation of the rate of heat release in the low-and high-temperature oxidation periods reasonably well for the cases of various equivalence ratios, although there exits a little disagreement quantitatively.
Conclusions
In order to numerically predict the combustion processes in homogeneous charge compression ignition (HCCI) engines with reasonable accuracy, practical chemical kinetic models have been explored as chemical reaction models. A genetic algorithm (GA) has been applied to the optimization of the Arrhenius parameters for the rate constants of elementary reactions in detailed chemical kinetic models.
By applying this optimization method, a detailed kinetic model (101 species, 592 reactions) for gasoline reference fuels with arbitrary octane number between 60 and 100 has been obtained from the detailed reaction schemes for iso-octane and n-heptane proposed by Golovitchev. By means of zero-dimensional simulation using the CHEMKIN code, it has been shown that this detailed kinetic model can predict the ignition timing in a gasoline HCCI engine reasonably well.
An original reduced reaction scheme (28 species, 45 reactions) for DME derived from the Curran's detailed scheme has been proposed, and the combustion process in a DME HCCI engine has been simulated threedimensionally using the authors' GTT code which has been linked to the CHEMKIN subroutines with the proposed reaction scheme and also has adopted a modified eddy dissipation combustion (EDC) model. It has been confirmed that this method can reproduce the experimental results reasonably well in a practical computational time.
As a result, the effectiveness of the proposed optimization method in this study has been confirmed.
